1.Introduction
The Kobayashi-Maskawa mechanism of CP violation is simple and very beautiful [1] .
However, the origin is not yet finally verified by experiments, though that in the neutral kaon system seems to be explained well by the mechanism, and it is expected to be tested by B-meson decays in the coming B factories.
On the other hand, CP violation in the ordinary top-quark decay and top-pair production is estimated to be very small in the Kobayashi-Maskawa Standard Model [2] [3] . This fact has given us an opportunity of investigating the non-standard origin of CP violation in the top decay and in the top-pair production [4] [5] [6] [7] [8] [9] [10] [11] .
There are some advantages in studying CP violation in the top-quark system; first, because of its large mass (m t ∼ 180 GeV [12] ), the top-quark decays very fast, its lifetime being shorter than 10 −23 s [13] , so that the top would decay before it hadronizes and we do not have to worry about the hadronic effects, and secondly, for the same reason, the top decay interactions are sensitive to Higgs boson exchanges. This nature of top-quark has lead to many works of CP violation in the multi-Higgs doublet model [7, [14] [15] [16] .
Interesting among the Higgs models is two-Higgs doublet model of type II [17] , in which CP violation is caused explicitly or spontaneously in its neutral sector [18] . Many authors have studied a variety of CP-violating observables in the top-quark productions [14] and decays [7, 16] in this model.
In this paper, we investigate CP-violation in t → W + b decay by calculating the up-down asymmetry of the leptons from W decay with respect to the t → W + b decaying plane, which is formed by t production in e + e − or hadron colliders, in the two-Higgs doublet model with CP-violating neutral sector. In the next section, the asymmetry of the lepton distributions is briefly expressed by the non-standard t bW -vertex form factor. In section 3, two-Higgs doublet model is described in order to express the CP-violating part of the form factor as one-loop effects with CP-violating neutral scalar exchanges, and numerical results of the CP-violating asymmetry are given.
Section 4 includes conclusions and discussions.
Asymmetry of lepton distributions in top decays
We here investigate CP violation in t → W + b decays by the lepton distribution asymmetry from W + decay defined by Grzadkowski and Gunion [7] , assuming that the top quark is produced in tt pairs in e + e − collision, for example.
The phase space for
where s x denotes the invariant mass of decaying particle x. In eq.(1), dΦ's are as follows 
where h x denotes the helicity of particle x, D y the propagator of decay- We apply to D y the narrow-width approximation for the real particle decays of t,t, W + and W − ,
where m y and Γ y are mass and total decay width of particle y. By integrating
the differential cross section for t → W + b → ℓ + νb is given as 
We introduce the up-down asymmetry of the lepton distributions from W + decays with respect to the t → W + b decay plane in the top-quark laboratory frame for e + e − → tt, defined in [7] as
where
where θ ℓ + and φ ℓ + are the polar and azimuthal angles of the lepton ℓ + in the
We adopt the most general parametrization of tbW vertex for t → W + b
andt → W −b decays as follows,
the Cabibbo-Kobayashi-Maskawa(CKM) mixing matrix and g is the SU (2) gauge coupling constant. Since W boson is on-shell, two other form factors do not contribute. The form factors of eqs. (10) and (11) are subject to [7, 8] 
where upper(lower) signs are those for CP-conserving(-violating) interactions.
If we use the amplitudes (
the vertex functions (10) and (11) [7] , the following expressions for N t and D t of eqs. (8) and (9) arre obtained,
where A is a common factor and P t is the longitudinal polarization of the top-quark which occurs in the density matrix ρ hth ′ t of eq. (6) 
It is important to note that the CP-violation phase of the CKM matrix does not appear in the asymmetry A t and that f ) to A t as follows,
The relations of eq. (12) and the fact that Pt = −P t at the tree level for the t andt production mechanism [6] [20] lead to
where f L 1 = 1 at the tree level and f We will not use a specific model but adopt the parametrization for the Higgs scalars defined by Weinberg [21] , which is formulated in unitary gauge through the unitarity gauge condition [22] , and Goldstone boson do not appear in this model. The three neutral scalars in the model are parametrized
where v ≡ |v 1 | 2 + |v 2 | 2 , and the real new fields Φ 1 , Φ 2 and Φ 3 are subject to the canonical kinetic Lagrangian in unitary gauge,
The two neutral scalars Φ 1 and Φ 2 are of CP-even and the third scalar Φ 3 is of CP-odd, as is evident from eq. (19) , so that CP violation shows up in the scalar exchange between quarks and/or gauge bosons through the imaginary patrs of the following four quantities [21] ,
where < φ
> denotes the propagator of neutral Higgs scalars (see Appendix). If we adopt the approximation of taking the effect of neutral scalar exchnage to be dominate by a single scalar particle of mass m φ , the four quantities are expressed as [21] , [7] < φ
where we use the formalism of Feynman rules designed to minimize the number of times that the imaginary unit i appears [23] . By using eq.(19), ImZ 0 , ImZ 0 , ImZ 1 and ImZ 2 of eq. (22) are expressed as
where tan β = |v 2 |/|v 1 |, and the three real numbers u 1 , u 2 and u 3 are the coefficients of φ component of the Φ 1 , Φ 2 and Φ 3 states, respectively, and they are subject to the constraint, u 
Now, we will compute the asymmetry A t in eq. (15) . In this two-Higgs doublet model, we have f The other neccesary Feynman rules for our calculation are summarized in the Appendix. The loop integrals for the diagrams in Fig.1 are expressed by the three-point functions defined in [24] ,
All the C's in eq. (26) have the arguments C(k, p, m 1 , m 2 , m 3 ). In terms of these functions, we can calculate the CP-violating contributions to the form factor Imf R 2 for the five diagrams in Fig.1 , consistently in the unitary gauge, as
Now, we will evaluate the asymmetry A t in eq. (15) . The free parameters are u 1 , u 2 , u 3 , tan β(≡ |v 2 |/|v 1 |), m φ and m H . The neutral scalar boson mass m φ has been restricted to m φ = 100 − 1000 GeV [25] or m φ ≤ 900 GeV [26] through the analyses of radiative corrections to Z and W boson masses in the Standard Model, and supersymmetric models constrain as 100 ≤ m φ ≤ 200
GeV. ALEPH Collaboration has recently set a lower limit on the neutral Higgs boson mass of 63.9 GeV [27] . So, we choose 50 ≤ m φ ≤ 250 GeV in our calculations, and we will take 100 ≤ m H ≤ 1000 GeV for the charged scalar boson mass. The dependence of the absolute value |A t |/|P t | on the parameter u 1 , u 2 and u 3 is obtained in Table 1 for m H = 200 GeV, m φ = 100 GeV, tan β = 1.0 and top-quark mass of m t = 180 GeV. As seen from Table 1 , the maximum value of the asymmetry A t proves to be of the order of (1−2)×10 −4 , which is roughly consistent with the results of Grzadkowski and Gunion [7] . 5 In the following calculations, we will take
and assume |P t | = 1 in order to estimate the maximum value of A t . The magnitude of longitudinal polarization of t quark depends on its production mechanism. The functions C's develop imaginary parts for m H < m t − m b and always for the third diagram in Fig.1 . In this case, Imf (u 1 , 
Conclusions and discussions
We have investigated CP violation in the top-quark decay by studying the asymmetry (A t ) of lepton distributions from the subsequent decay 
where D j and U i are "down"-type quark and "up"-type quark, respectively, 
where v ≡ |v 1 | 2 + |v 2 | 2 and Gauge boson pair couplings to neutral Higgs scalars;
where g is the SU(2) gauge coupling constant and
Gauge boson couplings to charged Higgs scalar and neutral Higgs scalar;
where p and q are the momenta of the incoming H ± and φ 0( * ) 1,2 , respectively. We should mention that the propagator < φ (500, 100)GeV (dashed) and (1000, 100)GeV (dotted curve). 
